Objective: To assess shape covariation of the palate and craniofacial complex (CFC) in children and adolescents. Methods: Pre-treatment lateral cephalometric radiographs and corresponding maxillary casts of 100 children (8-10 years) and 100 adolescents (15-20 years) were digitized. Exclusion criteria were previous orthodontic treatment, craniofacial syndromes, mouth breathing, finger sucking, crossbite, tooth agenesis, and tooth impaction. Palatal shape was described with 239 surface and curve semilandmarks and craniofacial shape with 10 fixed landmarks and 117 curve semilandmarks. Procrustes superimposition and principal component analysis were applied for evaluation of shape variability. Shape covariation between palate and CFC was assessed with partial least squares analysis. Results: The first five principal components explained 77 per cent (palate) and 60 per cent (CFC) of total shape variability. The palate varied mainly in height (adolescent group) and width-length (both groups), whereas the CFC varied mainly in the vertical dimension. Significant covariation was found between the craniofacial and palatal components (RV coefficient: 0.27, children; RV: 0.23, adolescents). Variation of the CFC in the vertical and anteroposterior direction was mainly related to variation in the height-width and the width-length ratio of the palate, respectively. Limitations: The use of lateral cephalometric radiographs eliminated the transverse dimension from the craniofacial shape analysis. The study was cross-sectional, so the observed intergroup differences should be interpreted with caution. Conclusions: Covariation strength and pattern were similar in children and adolescents. The closer a subject was to the high-angle end of the variability spectrum, the higher and narrower was the palate, and conversely.
Introduction
The palate serves a variety of important functions in the craniofacial complex, such as mastication and speech. Its shape differs sigposterior alveolar height decreases, whereas palatal width increases as mandibular plane angle decreases (8) . In contrast, findings from skull collections did not significantly correlate palatal height to vertical dimension of the face (9) . Anterior open bite has been associated with decreased maxillary posterior width, considered skeletal in nature, and normal palatal height (10) . The relationship between palatal morphology and vertical dimension of the craniofacial complex remains inconclusive.
Regarding the anteroposterior dimension of the craniofacial complex, Class II and Class III skeletal patterns are usually associated with posterior transverse arch discrepancies that may not be apparent due to dentoalveolar compensations. For example, a posterior crossbite is often produced when the study models of a Class II division 1 case are 'hand-articulated' into a Class I canine relationship, due to maxillary constriction (11) . Maxillary expansion can allegedly lead to spontaneous correction of the Class II relationship (12, 13) , although this is heavily disputed (14) . In any case, the extent of the compensation, i.e. whether it is restricted to the teeth and the alveolar process or it extends to the palatal vault, has not been established.
All the aforementioned studies have used conventional measurements that do not provide a comprehensive description of either craniofacial or palatal shape. Geometric morphometric methods (GMMs) overcome some of the inherent problems of conventional methods using a least squares criterion (the forms are superimposed so that the sums of the squared distances between corresponding landmarks are minimized) (15) . Although GMMs have been used in numerous cephalometric studies, their application in evaluation of palatal morphology has been limited mainly to specific populations, e.g. mouth breathers (1) and cleft palate patients (16) .
Further knowledge of palatal morphology and its relationship to skeletal pattern in a general orthodontic population could provide useful information for treatment planning and understanding of morphological integration mechanisms. Αs puberty affects both structures (palate and craniofacial complex), we considered it interesting to study their association pre-and post-pubertally (17) . Any differences observed in their covariation could, then, reflect adaptive mechanisms to the altered functional demands established after the pubertal growth spurt period.
The aim of the present study was to investigate the covariation between palatal and craniofacial shape in children and adolescents, using geometric morphometrics. Additionally, shape variability and sexual dimorphism of the palate and craniofacial complex were evaluated.
Materials and methods
The Ethics Committee of the School of Dentistry, National and Kapodistrian University of Athens, Greece, approved the protocol of the present cross-sectional, retrospective study.
The sample consisted of two age groups: 100 children aged 8-10 years (53 boys and 47 girls) and 100 adolescents and young  adults (45 boys aged 16-20 years and 55 girls aged 15-20 years) , selected from the archives of the Orthodontic Department, School of Dentistry, National and Kapodistrian University of Athens, Greece, and a private orthodontic office. Inclusion criteria were the presence of good quality pre-treatment records (history, study casts, panoramic radiographs, and lateral cephalometric radiographs with reference ruler) and Caucasian origin. A 6-month time difference between cephalometric radiographs and study casts was set as maximum. For the second age group, subjects with complete permanent dentition were included. Exclusion criteria were previous orthodontic treatment, syndromes or congenital malformations of the craniofacial complex, cleft lip-palate, mouth breathing, chronic respiratory infections, sucking habits (past the age of 3 years), lateral crossbite, functional shift, tooth agenesis (third molars were excluded), tooth impaction in the maxilla, torus palatinus, and history of dental trauma (avulsion and alveolar/jaw fracture). Due to inadequate reliable data for evaluating timing of pubertal growth (body height, hormonal factors, and skeletal maturation), we relied on chronological age as a proxy for maturational status. Table 1 presents the descriptive statistics of the sample. Class I molar relationship was observed in 18 per cent (children) and 38 per cent (adolescents) of the subjects, Class II in 78 per cent and 62 per cent, and Class III in 4 per cent and 0 per cent, respectively.
The lateral cephalometric radiographs of all subjects were scanned at a resolution of 150 dpi and scaled to real-life size. Viewbox 4 software (dHAL software, Kifissia, Greece) was used for digitization of 15 continuous curves and 127 landmarks (Figure 1) . Ten of the landmarks were well defined by local anatomy and, therefore, homologous among the subjects. The remaining were semilandmarks, initially placed at equidistant positions along the curves but later allowed to slide in order to minimize the thin-plate spline (TPS) bending energy (18) . Supplementary Table describes the curves and points (19) .
The maxillary casts of all subjects were scanned using a 3D structured white light scanner (Identica, Merit Co. Ltd, Seoul, Korea). All digital casts were oriented in the software using the occlusal plane as horizontal reference. From the occlusal view, we drew three curves and placed 239 points (Figure 2 ). The first curve corresponded to the midsagittal suture from the anterior margin of the incisive papilla extending beyond the line connecting the distal surfaces of the first molars (9 points). The second curve followed the perimeter of the dental arch along the midpoint of the gingival margins of the maxillary teeth, from the first molar on the left side to the same tooth on the right side (21 points). The third curve connected the distal surfaces of the permanent first molars, perpendicular to the midsagittal line (9 points). The remaining points were evenly distributed on the palatal surface within the confines of the three curves. Again, all points were allowed to slide in order to minimize the TPS bending energy and take homologous positions among subjects. All digitizations of radiographs and study casts were performed by the same investigator and analysed for each age group separately and for the whole sample combined, using the Generalized Procrustes method (18, 20) . We applied principal component analysis (PCA) to extract the most significant components of the shape space and two-block partial least squares (PLS) analysis to assess shape covariation between the palate and craniofacial complex. The calculations were carried out using Viewbox 4 (PCA) and morphoJ (PLS) software (21) . Intraobserver error was assessed by repeated digitizations of 30 randomly selected radiographs and study casts after a period of 1 month.
Results

Method error
The average Procrustes distance between repeated digitizations of 30 radiographs and 30 study casts was 6.1 per cent and 4.3 per cent of the total variance of the sample, respectively.
Craniofacial complex
Supplementary Figure 1 shows the sample distribution in the shape space after Procrustes superimposition, separately for each age group. The first eight principal components (PCs), accounting for approximately 72 per cent (younger group) and 73 per cent (older group) of the total shape variability, are shown in Table 2 .
In both age groups, the most significant principal component (PC1) represented the variability of the craniofacial complex in the vertical direction (divergence of the skeletal pattern). The differences in the vertical direction were mainly due to the divergence of the mandibular plane in relation to the craniomaxillary complex. PC2 corresponded primarily to the anteroposterior position of the mandible relative to the maxilla (Class II versus Class III skeletal pattern), whereas PC3 referred to the gonial angle (in both groups) and the anteroposterior position of the maxilla (in the younger group). A graphic depiction of these components is shown in Figure 3 .
When the whole sample was cast in a common shape space, statistically significant differences were found between groups (children versus adolescents) and within groups (males versus females). The evaluation was performed by permutation tests (100 000 repetitions) using the Procrustes distance between group means as the test criterion. Age-specific and gender-specific average shapes were created to visualize dimorphism (Supplementary Figure 2) . Age differences were mainly concentrated in the frontal bone (more protrusive and vertically oriented frontal bone in the younger group) and in the mandible (more forward and downward positioned mandible in the older group; P = 0.000). Regarding sexual dimorphism, no statistically significant separation was found in the younger group. In the older group, the shape of the craniofacial complex differed significantly, with females having a more obtuse gonial angle and a less protrusive frontal bone compared with males (P = 0.018).
Palate
Supplementary Figure 3 shows the plot of the palatal shape space for each age group separately. Table 3 reports the percentages of variance for the first five PCs that explained approximately 78 per cent (younger group) and 77 per cent (older group) of total shape variability.
To describe palatal shape, we use the terms palatal height (highshallow), width (wide-narrow), and length (long-short). Regarding the younger group, the PC with the largest variance (PC1) represented mainly palatal width and length. Low values corresponded to a wide-short palatal vault and high values to a narrow-long palatal vault. PC2 was associated mainly with palatal height (low/ high). In adolescents, PC1 referred to all three dimensions (palatal height, width, and length), with low values showing a shallow-wide-short palate and, conversely, high values showing a high-narrow-long palate. PC2 was related to palatal height and length (high-short/shallow-long). In both age groups, PC3 corresponded mainly to anterior palatal height (Figure 4) .
When both age groups were considered in the same shape space, statistically significant differences were observed between children and adolescents (P = 0.000). The palatal height/length ratio of adolescents was larger than that of children, mainly in the posterior region. Sexual dimorphism in the younger group was statistically significant, with girls having a lower palatal width/ length ratio than boys (P = 0.003). No statistically significant sexual separation was observed in the older group (Supplementary  Figure 4) .
Covariation
PLS analysis evaluated covariance between the craniofacial and palatal components. The RV coefficient represents the amount of covariation scaled by the amounts of variation between two sets of variables and takes values between 0 and 1, with higher values signifying higher covariation (5). In the younger group, we observed significant covariation between the two blocks of variables (RV coefficient: 0.27). The first component (PLS1) accounted for 65 per cent, whereas the second (PLS2) for 26 per cent of the total squared covariance. The remaining singular values were much smaller and not statistically significant. PLS1 mainly related the vertical dimension of the craniofacial complex (divergence of the mandibular plane in relation to the craniomaxillary complex) to palatal height and width. Within the shape variability spectrum of our sample, the closer a subject was to the high-angle end of the spectrum, the higher and narrower was the palate and, conversely, the closer to the lowangle end of the spectrum, the shallower and wider was the palate. Maxillary prognathism and protrusion of the forehead were, additionally, related to the width/height ratio of the palate, as depicted in Figure 5 . PLS2 mainly related the anteroposterior intermaxillary relationship to palatal width and length. In the analysed shape spectrum, the more the craniofacial complex varied towards a Class II skeletal discrepancy, the narrower and longer palates were observed and conversely (Supplementary Figure 5) . Regarding the older group, significant covariation was again found between the craniofacial and palatal components (RV coefficient: 0.23). PLS1 accounted for 75 per cent, PLS2 for 11 per cent, and PLS3 for 8 per cent of total squared covariance. The main covariation pattern (PLS1) was similar to the younger group and related the vertical dimension of the craniofacial complex to palatal height and width. Maxillary prognathism and clockwise rotation of the maxilla were also related to palatal shape ( Figure 6 ). PLS2 associated the anteroposterior direction of the craniofacial complex with palatal width, length (primarily), and height (secondarily) (Supplementary Figure 6) .
To test the likelihood that combining both gender might have influenced our results, we repeated the PLS analysis of both groups, but including the female subjects only, and observed similar covariation patterns. Exclusion of the four Class III subjects from the younger group did not alter the results.
Discussion
A limitation of the study was its cross-sectional nature, i.e. different individuals were analysed in the two age groups. The observed age differences should, therefore, be interpreted with caution since they could reflect random differences due to sample selection. Moreover, socio-economic trends and potential differences in treatment opportunities among patients with various occlusal classes and between gender might have affected the comparability of the two studied groups. Another consideration is the two-dimensional evaluation of the craniofacial complex, enforced by the use of lateral cephalograms. The observed covariation of the palate and the craniofacial complex might have been stronger if the transverse dimension had not been eliminated. The mode of breathing was evaluated from anamnestic data, since no otorhinolaryngologic examination of the nasal airway had been performed. Lastly, alveolar bone and, consequently, palatal morphology are affected by the position and inclination of the teeth. We assessed the palatal vault up to the gingival margin, which was considered a reproducible reference border. The teeth served in orienting the casts, but their inclination was not evaluated.
To differentiate between children and adolescents, we used chronological age as the maturation indicator. Several methods have assessed the onset and duration of growth acceleration, including measurements of body height, chronological age, hand-wrist maturity and cervical vertebra morphology (22, 23) . Recent publications have questioned the reproducibility of the cervical vertebrae maturation method (24, 25) , and others have reported equal (26) or higher (27) predictive value of chronological age against vertebral shape for assessment of skeletal maturation. Based on these results, and the lack of hand-wrist radiographs and body height data from our sample, we selected our groups based on chronological age, including a wide margin to ensure safe separation. According to normative Greek population data, onset and peak occur, on average, slightly earlier (at ages 10 and 13 years in boys and 10 and 11 years in girls) (28, 29) than in northern European populations (at ages 12 and 14 years in boys and 10 and 12 years in girls) (30,31) ; we considered subjects aged 8-10 years as pre-pubertal and, for the postpubertal group, we assumed that girls aged 15 years and boys aged 16 years were most likely beyond the pubertal growth spurt period.
Our aim was to study palatal and craniofacial morphology in an orthodontic population with various skeletal patterns, excluding potential confounding factors. Subjects with unilateral crossbite, which has been related to palatal asymmetry (higher palatal vault on the side of the crossbite) (32), were excluded. Similarly, mouth breathing has been associated with constricted maxillary arch and increased palatal height due to muscular and postural alterations (33, 34) . We also excluded subjects with tooth agenesis and severely malpositioned or palatally impacted teeth, as the former influences the shape of the craniofacial complex (19, 35) and the latter may locally distort palatal shape.
Previous studies have assessed palatal shape with a variety of techniques including electromagnetic 3D computerized digitizer (36) , profilometry (37, 38) , CT scanning (39), and laser scanning (40, 41) . In this study, we used structured white light scanning to construct digital models and obtain a comprehensive and quantitative description of the palatal surface.
To measure shape and shape variance, we used geometric morphometrics. Procrustes superimposition overcomes some of the inherent problems of conventional cephalometric methods using a best fit alignment over all points to minimize the effect of translation, rotation, and scale (15, 42) . Semilandmarks were adjusted to minimize the TPS bending energy between each individual and procrustes mean shape. Sliding was accomplished in an iterative fashion (15, 18) along the curves of the craniofacial complex and the surface of the palate.
Estimation of the appropriate sample size for reliable geometric morphometric investigations is challenging, but our sample of 100 subjects in each group was considered sufficient for estimation of both average shape and shape variance (43, 44) . The intraobserver error was similar to previous studies (19, 45) .
The palate PCA results showed that shape variability was distributed differently in children and adolescents. More specifically, in the younger group, PC1 described very little variability in the vertical dimension, this being taken up by PC2 more so than in the older group. This difference may be due to sample variation arising from the study's cross-sectional nature. In general, however, our results are consistent with previous reports using midsagittal images from real-time magnetic resonance imaging (46) and dense correspondence analysis (41) . Our results of the craniofacial complex (PC1: divergence of the skeletal pattern, PC2: anteroposterior intermaxillary relationship, and PC3: gonial angle) also confirm earlier studies (17, 42, 47) .
The intragroup evaluation revealed statistically significant differences (sexual dimorphism) between males and females in palatal shape (younger group) and in the shape of the craniofacial complex (older group). The craniofacial region is known to be sexually dimorphic in the post-pubertal period (48) . Our results regarding the pre-pubertal sexual dimorphism of the palate (girls showing narrower and longer palatal shape compared with boys) are in accordance with previous findings in the primary (49) and mixed dentition (50) . On the contrary, other studies did not find significant differences in the palatal shape between the genders in the mixed dentition (51-53). Ferrario et al. compared an adolescent group (mean age 14 years) to an adult group and reported sexual dimorphism of shape (size independent) in the adolescent group only (54) . The disparity of these results may be due to different measuring methods, the nature of the studies, secular trend, and population characteristics (orthodontic versus non-orthodontic).
Regarding intergroup differences, children tended to have a longer-shallower palatal shape compared to adolescents. The observed difference in palatal shape from childhood to adolescence was greater posteriorly than anteriorly confirming recent longitudinal findings in subjects aged 6-14 years (53) and may be due to alveolar bone growth (eruption of teeth) and remodelling of the palatal vault (53, 55) .
PLS analysis showed a similar covariation pattern and strength between children and adolescents, suggesting that pubertal growth factors may not significantly influence shape covariation between the palate and the craniofacial complex. In both groups, the PLS1 component mainly related a high and narrow palatal vault to the hyperdivergent skeletal pattern and a shallow and wide palate to the low-angle pattern. These results are consistent with previous studies, in which an increased mandibular plane to sella-nasion angle was related to increased palatal height (8, 56) and decreased palatal width (57) (58) (59) . Muscle function could be a possible explanation of the observed covariation pattern; subjects with a hyperdivergent skeletal pattern tend to have weak muscle function (60), which may allow for vertical growth of the alveolar process and increased palatal height.
The PLS2 component showed that as a subject approximated the Class II end of the variability spectrum, the palate was narrower, confirming previous studies (3, 61) , and as a subject approximated the Class III end of spectrum, the palate was wider, opposing earlier findings (6, 61) . The observed difference in the Class III pattern can be explained, in part, by the exclusion of crossbites from the present sample. In any case, PLS2 accounted for a small percentage of the total squared covariance (26 per cent for the younger group and 11 per cent for the older group), and therefore, these results should be interpreted with caution.
Palatal morphology and its relation to the craniofacial complex have not been studied extensively in orthodontic populations. As age progresses from childhood to adolescence, the association between palatal and craniofacial shape was not found to change significantly. This may be attributed to palatal compensation to adjust for post-pubertal changes of the craniofacial complex. The palatal shape was found to covary with the shape of the craniofacial complex, but the covariation was not very strong. In the context of morphological integration and modularity, the craniofacial complex is a morphological unit, whose component parts (subunits) are integrated with each other as they develop, function, and evolve jointly (5) . From this perceptive, some degree of covariation between the palatal and craniofacial structures was expected. On the other hand, a loose morphological integration allows for independent evolutionary changes to occur (62) . Future research could incorporate 3D craniofacial data. Longitudinal data could provide more reliable information concerning the differences between children and adolescents.
Conclusions
The covariation strength and pattern was similar in children and adolescents. The closer a subject was to the high-angle end of the variability spectrum, the higher and narrower was the palate and, conversely, tendency for low-angle pattern was related to shallow and wide palates in both groups
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